Background: Gene expression analyses are conducted using multiple approaches and 25 increasingly research has been focused on assessing gene expression at the level of a 26 tissue or even single-cells. To date, methods to assess gene expression at the single-cell in 27 plant tissues have been semi-quantitative, require tissue disruption, and/or involve laborious, 28 possibly artifact-inducing manipulation. In this work, we used grape berries (Vitis vinifera L. 29 Zinfandel) as a model in order to examine the validity and reproducibility of an in-situ gene 30 expression analysis method combining a cell pressure probe (CPP) with quantitative PCR 31 (qPCR).
Single cell analyses have been conducted at the transcript and metabolite levels over the 52 last two decades, and some have succeeded in the characterization of molecular information 53 in individual plant cells (Kehr 2003; Efroni and Birnbaum 2016; Yuan et al. 2017) . 54 Nevertheless these analyses are extremely technically challenging and are semi-55 quantitative, require tissue disruption, and/or involve laborious, possibly artifact-inducing 56 manipulation. For gene expression analyses, in-situ hybridization has been used fairly 57 extensively (e.g., Drea et al. 2009 ). This method visualizes the spatial distribution of target 58 gene expression in fixed and sectioned tissues via microscopy, but information is limited to 59 the presence or absence of expression. Laser capture microdissection (LCM) is powerful, 60 but still requires sectioning (most commonly via cryo-dissection) which may be challenging 61 for certain tissues such as fruit cells. During LCM, whether the cell components in samples 62 might be altered when the tissues are subjected to heat and radiation from an infrared laser 63 remains questionable (Kehr 2003) , implying the need of confirmation using some direct 64 approach. Fluorescent labeled sorting methods have also been utilized, which requires 65 tissue digestion after dissection (Yuan et al. 2017 ) raising the possibility that digested 66 samples may lose cell-specific information. Therefore, a direct in-situ method that allows 67 cell-specific analysis could prove extremely valuable.
68
The cell pressure probe (CPP) (Hüsken et al. 1978) has traditionally been used for 69 directly determining the physicochemical parameters of individual plant cells, such as cell 70 turgor and hydraulic conductivity, by inserting a fine oil-filled microcapillary tip into the cell, 71 and monitoring/adjusting the location of oil/sap boundary (meniscus) under a microscope 72 (Steudle 1993; Tomos and Leigh 1999) . This minimally invasive approach has been used to 73 quantify cell-to-cell variation in water relations in-situ (Nonami and Schulze 1989) . The CPP 74 has also been used to collect cellular fluids for metabolite analyses in order to reveal spatial 75 variations in cellular metabolism using enzymatic assays (Koroleva et al. 1997 ) and more 76 recently mass spectrometry-assisted cell metabolomics (Nakashima et al. 2016; Wada et al. 77 2019).
78
Cellular level gene expression assays have been successful using RT-PCR on 79 cellular fluids obtained either with the CPP (Brandt et al. 1999 (Brandt et al. , 2002 Gallagher et al. 2001; 80 Schliep et al. 2010) or simple aspiration using a glass microcapillary (Jones and Grierson 81 2003). These previous studies acknowledged that when collecting the cellular fluids using 82 4 glass microcapillaries it is possible that the sample would be contaminated with genomic 83 DNA (gDNA) which can lead to artifacts during the PCR amplification (Brandt 2005) . 84 To date, no attempt has been made to quantify gene expression at the single cell 85 level using the CPP and quantitative PCR (qPCR) while simultaneously assessing levels of 86 gDNA contamination. In this work, we have developed a protocol coupling single cell 87 sampling with the CPP to qPCR analyses along with primer designs that identify 88 contaminating gDNA. By using intact ripening grape berries that accumulated anthocyanins 89 in the skin cells, we tested the validity of this protocol for the in-situ quantification of gene 90 expression in intact grape berry cells. VviUFGT that spanned an intron sequence ( Fig. 1) . After the qPCR was carried out all 99 reactions were visualized by gel electrophoresis allowing the identification of gDNA 100 contamination that occurred in 28.6% (6/21) of the samples.
101
As cell contents are collected with the CPP there is some chance that the tip will (1999) reported that their controls for gDNA contimination, "produced no 106 detectable signals in nearly all experiments", suggesting that the incidence of gDNA 107 contaminaion in their work was extremely low. In the curent study the rate was significant, 108 reinforcing the need to include a robust method of identification of gDNA contamination in in-109 situ cell sampling methodologies. we used here (see Methods). Assuming that the nucleus diameters were similar in all cell 114 types across tissues, it is possible that the tip might have poked the nucleus in the target 115 cells below epidermis. In this context, the extent of gDNA contamination would depend on 116 the size and localization of nucleus (nuclei) in the cytosol, as well as the volumetric ratio of 117 cytosolic space to cell volume. Additionally, as the depth of probing increases so would the 118 likelihood of gDNA contamination since the CPP would have to pass through more cell 119 layers prior to sampling. In the current study, of the 6 samples that were positive for gDNA 120 contamination, 4 of the samples were from probing depths of >1000 µm.
121
In-situ CPP sampling and qPCR 122 In this study, cellular fluids from individual grape berries were extracted using the CPP and 123 the cell sap was used directly in downstream qPCR analyses (Fig. 2) . Different probing 124 techniques were used in order to test different tissues ( Fig. 3) . Shallow and deep probing corresponding to the different probing techniques (Fig. 4) which corresponded to different 133 specific depths within the berry, and thus different tissues. Shallow and continuous probing 134 included skin cells and exhibited VviUFGT expression at high frequencies (>80%).
135
Contrastingly, there was no VviUFGT expression in mesocarp cells greater than 250µm 136 below epidermis, corresponding to cells with no coloration (Fig. 4) . Of those samples 137 exhibiting VviUFGT expression the average expression, relative to VviUbi, was 0.61 ± 0.15 138 (standard error) which is extremely similar to previous studies using the same reference of >60% is reasonable, given the technical challenges involved, and is feasible in terms of 146 experimentation.
147
Most previous gene expression analyses using CPP were only semi-quantitative 148 (Brandt, 2005) . In the current study we demonstrate a minimally invasive in-situ method that The first extraction method, referred to as 'shallow probing', was conducted by 190 penetrating skin cells. Prior to penetration, the oil pressure was set at 0.3 to 0.4 MPa, which 191 is higher than turgor pressure (typically <0.2MPa) in skin cells at this developmental stage.
192
The micropipette then penetrated the skin to a depth of between 20 µm and 230 µm below 193 the epidermal surface. After reaching the target depth, oil pressure was slowly reduced until 194 a meniscus could be observed in the microcapillary. The tip was then advanced until a rapid 195 backward movement of the meniscus was observed, indicating penetration into a cell. Cell 196 fluids were collected from at least two cells and the oil pressure was then reduced to -0.02 197 MPa and maintained. In some cases, fluids from the subepidermal cells located at 20 µm 198 were collected by simply penetrating to this depth with an oil pressure of -0.02 MPa.
199
The second extraction method, referred to as 'deep probing', was used to obtain the 200 fluid only from the mesocarp cells located from 1000 to 1500 µm below epidermis. To avoid 201 possible contamination from the non-target (skin) cells, the oil pressure was pre-pressurized 202 0.3 to 0.4 MPa. The tip was then advanced to 1000 µm with a speed of of 75 µm/s. After 203 reaching 1000 µm below epidermis, the pressure was slowly reduced to 0.03 MPa. The tip 204 was then advanced, gradually reducing the oil pressure to -0.02 MPa in order to observe a 205 rapid backward movement of the meniscus during the forward advance of the probe, 206 typically collecting cellular fluids from two cells. The third method, referred to as 'continuous probing' was used as a reference 208 method to obtain the fluid from all cell layers. The oil pressure was maintained at -0.02 MPa, 209 and the tip was advanced to between 1000 µm and 1350 µm from the epidermis, 210 corresponding typically to 15-18 cell layers, with fluids collected throughout this range.
211
In all cases, the tip was quickly removed from the berry and submerged into a 10 µL 212 droplet of DEPC-treated water on the inner wall of a 1.5mL autoclaved microcentrifuge tube.
213
Applying a positive oil pressure, the fluid was quickly injected into the droplet and stored in a Castellarin et al. 2007b Castellarin et al. , 2016 .
226
Samples were divided in half as illustrated in Fig. 2 . The first 5 µL were used for the 227 expression assay of a housekeeping gene, VvUbiquitin (VviUbi) that is constitutively express 228 in the cells, and another 5 µL were used for the expression assay of target gene, VviUFGT. 229 Each qPCR reaction (10 μL) contained 250 nM in final of forward and reverse primers, 5 μL 230 of sample, and 5 μL of Power SYBR ® green RNA-to-CT TM 1-step kit (Applied Biosystems) 231 that has limits of detection as low as 2 copies of the target gene. The thermal cycling 232 conditions were 95 ºC for 10 min, followed by 95 ºC for 15 s and 60 ºC for 1 min for 40 233 cycles, according to the manual instruction. qPCRs were carried out as described in VviUFGT was targeted for qPCR analyses that spanned an intron sequence such that the 370 resulting product from gDNA template was significantly larger that the desired product from a 371 mRNA. Following qPCR all reactions were visualized by gel electrophoresis allowing the 372 identification of gDNA contamination (black arrows). 
